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On-chip integrated exceptional surface microlaser
Kun Liao1†, Yangguang Zhong2†, Zhuochen Du1†, Guodong Liu1, Chentong Li1, Xianxin Wu2,
Chunhua Deng3, Cuicui Lu4, Xingyuan Wang5, Che Ting Chan6*, Qinghai Song3*,
Shufeng Wang1,7,8*, Xinfeng Liu2*, Xiaoyong Hu1,7,8*, Qihuang Gong1,7,8

The on-chip integrated visible microlaser is a core unit of high-speed visible-light communication with huge
bandwidth resources, which needs robustness against fabrication errors, compressible linewidth, reducible
threshold, and in-plane emission. However, until now, it has been a great challenge to meet these requirements
simultaneously. Here, we report a scalable strategy to realize a robust on-chip integrated visible microlaser with
further improved lasing performances enabled by the increased orders (n) of exceptional surfaces, and exper-
imentally verify the strategy by demonstrating the performances of a second-order exceptional surface–tailored
microlaser. We further prove the potential application of the strategy by discussing an exceptional surface–tai-
lored topological microlaser with unique performances. This work lays a foundation for further development of
on-chip integrated high-speed visible-light communication and processing systems, provides a platform for the
fundamental study of non-Hermitian photonics, and proposes a feasible method of joint research for non-Her-
mitian photonics with nonlinear optics and topological photonics.
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INTRODUCTION
The rapid development of mobile-internet and big-data services
poses great challenges to the information capacity of communica-
tion networks. The standardization and industrialization of 5G/
beyond 5G (B5G) communication technology (1–7) and the
further proposal of B5G/6B communication architecture (8, 9)
have made high-speed visible-light communication technology
one of the important parts of the wireless-communication blueprint
owing to its low cost and large bandwidth. An on-chip integrated
visible microlaser is a core unit of visible-light communication
and information-processing systems and has four requirements: ro-
bustness against fabrication errors, a compressible linewidth, a re-
ducible threshold, and in-plane emission with output light directly
entering signal waveguides and photonic circuits (10, 11). Represen-
tative implementation schemes for micro/nanolasers are summa-
rized in Table 1 and detailed in table S1. We note that the table
focuses on the capabilities and potentials of different micro/nano-
laser schemes themselves in the mentioned performances rather

than comparing the absolute value of performance indicators of dif-
ferent schemes.

Schemes for microlasers with novel physical phenomena tailored
in non-Hermitian systems have been proposed (12–14), including
those based on parity-time-symmetric microring lasers to select
the desired parity-time (PT) symmetry breaking single mode (15–
19), a single-cavity lasing on the isolated exceptional point (EP) by
two Rayleigh scatterers when the relative angle is several special
values (20, 21), photonic molecules lasing at EP (22, 23), and micro-
cavity lasing with EP-tailored periodic complex index (24). Some of
these non-Hermitian–tailored microlasers have the advantage of
eliminating the undesired spatial hole-burning effect (25, 26),
which would improve the lasing efficiency, but without further dis-
cussion about simultaneous linewidth compression and threshold
reduction. Moreover, schemes aiming to realize an isolated EP
with strict and fragile degeneracy conditions usually require delicate
parameter tuning of structures because of sensitivity to disturbance-
like fabrication errors, which limits the performance of microlasers
to a certain extent in terms of robustness and practicability.

Concerning other schemes for micro/nanolasers, plasmonic
nanolasers have a compact footprint and a reduced threshold
because of the strong light-confinement effect for plasmonic nano-
structures, but they have a relatively broad linewidth (27–29). Al-
though microlasers based on a bound state in the continuum
(BIC) can reduce the threshold by exciting a leaky resonance
formed by partially breaking a BIC in coupled nanopillars, they
are short of linewidth compression and in-plane emission (30).
BIC-based Fano microlasers can compress the lasing linewidth by
forming a Fano resonance, but they are void of threshold reduction
(31). Although topological vortex microlasers have good robustness
when operating on a single spin momentum–locked edge mode,
they are deficient in linewidth compression and in-plane emission
(32). Last, silicon-organic hybrid microlasers meet the requirement
of in-plane emission, but they lack linewidth compression and
threshold reduction (33). Therefore, no existing microlaser
scheme can meet the four requirements simultaneously for
visible-light communication and information-processing systems.
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Here, we report a scalable strategy to construct a robust on-chip
integrated microlaser source with simultaneous in-plane emission,
linewidth compression, and pump energy utilization improvement
based on different orders of exceptional surfaces (ESs). In addition,
all these excellent lasing performances are intrinsically derived from
the tailoring of ESs rather than the simply engineering optimization.
The configuration for the strategy consists of a gain-applied micro-
cavity and an asymmetrically placed lossy modulation waveguide
(MW) (a side-coupled straight waveguide below the microcavity
or an unclosed ring in the microcavity). The MW induces asymmet-
rical reflection, leading to unidirectional emission in the microcav-
ity, which is more robust and convenient to realize in experiments
compared with accidental degeneracy schemes achieved by control-
ling Rayleigh scatterers (21) and constructing spiral or deforming
microdisks (34, 35). This emission is coupled to a transmission
waveguide (TW). For demonstration, the configuration of a side-
coupled straight waveguide below the microcavity is adopted in
our experiments. Although the two ports of the MW act as reflec-
tors, only the port of the short part of the MW can work effectively
because of the material loss. As a result, one-way propagation of a
traveling-wave mode can be obtained in the microcavity, ensuring
the formation of the ES (36, 37). The microlaser system is robust
because the formation of the ES is insensitive to fabrication errors.

In our experiments, CsPbBr3 perovskite is used as the gain/loss
material (behaving as a lossy material in the absence of external
pumping) because of its high optical-gain coefficient, low cost,
and easy fabrication (38, 39). The pumped microcavity, nonpumped
MW, and TW are made of CsPbBr3 perovskite to facilitate sample
preparation. In a real photonic chip, the TW can be replaced with
any low-loss dielectric waveguide. We experimentally demonstrate
that a robust second-order ES-tailored microlaser has a laser line-
width of 0.8 nm and a pump threshold of 2.4 μJ/cm2, which are si-
multaneously decreased to 67 and 44%, respectively, compared with
those of a control system. Higher orders (n) of ES-tailored micro-
lasers are also extended to be discussed here. The degree of line-
width compression and threshold reduction has a negative
relation with n, and the degree of improved energy-conversion ef-
ficiency is proportional to n. Further discussion of an ES-tailored
topological microlaser with a unique performance shows the supe-
riority of our strategy. This work lays a foundation for further de-
velopment of on-chip integrated high-speed visible-light
communication and information-processing systems and opens re-
search directions for non-Hermitian photonics with nonlinear
optics and topological photonics.

RESULTS
System designed on a second-order ES
A schematic of the on-chip integrated microlaser is shown in
Fig. 1A. The system consists of a microcavity with an intrinsic
loss and applied gain, a coupled TW (with s1 and s2 specifying the
amplitudes of the left and right ports, respectively), and a coupled
MW (with amplitudes of s3 and s4 at the left and right ports, respec-
tively) asymmetrically placed relative to the microcavity. Initially,
two surrounding orientation modes, i.e., a clockwise (CW) mode
and a counterclockwise (CCW) mode, are supported in the micro-
cavity. In the ES configuration, the CW mode couples out from the
microcavity and reflects from the short left port 3 of the MW. It sub-
sequently couples back to the microcavity with a reversal of the

surrounding orientation (the CCWCW Reflected mode), resulting in
transfer from the CW mode to the CCWCW Reflected mode. The orig-
inal CCW mode couples out from the microcavity and travels to the
long right part of the lossy MW, i.e., the rare CCW component can
be reflected in port 4 of this long right part. In this way, one-way
propagation of the CCW traveling-wave mode is realized in the mi-
crocavity, making the system reach the ES.

Here, we analyze the performance of the proposed microlaser
from a physical perspective of pump energy utilization between
the two eigenmodes ∣+⟩ and ∣–⟩ in the microcavity. For the ES con-
dition, the two eigenmodes degenerate with only the CCW compo-
nent. In the control system (shown in Fig. 1B), the lossy MW is
positioned symmetrically relative to the microcavity; i.e., the reflec-
tion coefficients at the left and right ports are equal and far less than
1. Only the eigenmode ∣+⟩ with both CCW and CW components
exists in the microcavity. It can be easily seen that the former
system has less energy dissipation and thus higher energy utilization
under the same pump power. Therefore, the spike generated in the
lasing gets higher and narrower in the transmission spectrum at
port 1 in the ES system, while the spike has a lower peak and
wider linewidth in the transmission spectrum at both the left and
right ports of the TW in the control system.

We used temporal coupled mode theory (TCMT) (40) to study
properties of the system below the lasing regime

dacw

dt
¼ ½iðω � ω0Þ � ðγ1 þ γ2 þ γ0 � gÞ�acw þ 2γ1κre

iϕr accw ð1Þ

daccw

dt
¼ ½iðω � ω0Þ � ðγ1 þ γ2 þ γ0 � gÞ�accw þ 2γ1κle

iϕl acw ð2Þ

where acw and accw are the amplitudes of the CW and CCW travel-
ing-wave modes in the microcavity, respectively; ω0 is the resonant
frequency of the microcavity; γ1 and γ2 are the microcavity-MW
and microcavity-TW coupling coefficients, respectively; γ0 is the in-
trinsic loss of the microcavity; g is the gain applied to the microcav-
ity; and κl/r and ϕl/r are the reflection coefficient and additional
phase for the left/right side path of the MW. The Hamiltonian
matrix of the system can be expressed as

H¼ ω0 � ω � iðγ1þ γ2þ γ0 � gÞ � 2iγ1κreiϕr
� 2iγ1κle

iϕl ω0 � ω � iðγ1þ γ2þ γ0 � gÞ

� �

ð3Þ

The eigenvalues and the corresponding eigenstates of the ES-tai-
lored system can be written as

ω+ ¼ ω0 � iðγ1 þ γ2 þ γ0Þ

+ 2γ1
ffiffiffiffiffiffiffiffi
κlκr
p

exp
1
2
iðϕl þ ϕrÞ

� �

; αQ+

¼
1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

κ2
l þ κ2

r

q ð+κr; κlÞT ð4Þ

For a diabolic surface (41, 42) (i.e., when κl = κr = 0), the off-di-
agonal term of HES is zero, the eigenvalues are coalesced, and the
eigenmodes are orthogonal. For the ES condition (i.e., when κl ≫
κr), the Hamiltonian matrix becomes the nondiagonalizable form
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with the coalesced eigenvalues and corresponding eigenstates

HES ¼
ω0 � ω � iðγ1 þ γ2 þ γ0Þ 0

� 2iγ1κle
iϕl ω0 � ω � iðγ1 þ γ2 þ γ0Þ

� �

ð5Þ

ω+ ¼ ω0 � iðγ1 þ γ2 þ γ0Þ; α
Q

+ ¼ ð0; 1ÞT ð6Þ

It is clear from the matrix form of HES that the system is non-
Hermitian and works on a hypersurface of EPs, where it is true
for any values of w0, γ1, γ2, γ0, and g, making the system more
robust against disturbances such as scattering of external scatterers
and a shift of system parameters induced by a fabrication error com-
pared with other non-Hermitian systems based on an isolated EP.
The presence or absence of the off-diagonal term of HES depends
only on the relative value of the two reflection coefficients at the
left and right ports of the MW, and the diagonal terms are always
the same because they refer to the same microcavity. Figure 2 (A and
B) shows how the real and imaginary parts of the eigenvalues vary
with the reflection-coefficient ratio of the left and right ports of the

MW (κl/κr) and the associated parameter δ (donating the loss or
gain of the microcavity, i.e., γ0, γ1, γ2, and g). As the reflection-co-
efficient ratio increases, the real and imaginary parts of two eigen-
values gradually coalesce and remain in this state. Unlike a system
with an accidental degenerate point, as long as the ratio is large
enough, the proposed system will always remain in the second-
order ES condition.

To better understand the performance of the proposed system
without active gain, we theoretically calculated the transmission
and reflection spectra for both ES and the control system (43).
Here, we have

d
dt

acw
accw

� �

¼ � iHCS=ES
acw
accw

� �

þ
ffiffiffiffiffiffiffi
2γ2

p sl
sr

� �

¼ 0 ð7Þ

Here, sl and sr represent the input from the left and right port of
TW, respectively. In the control system, κl = κr ≪ 1,there is no cou-
pling between CW and CCW mode, so the reflection Rl and Rr are
always 0. The transmission of the two ports is

Tl ¼ Tr ¼
jsl �

ffiffiffiffiffi
2γ2

p
acwj

2

s2l
¼
ðω� ω0Þ

2
þðγ0þγ1� γ2Þ

2

ðω� ω0Þ
2
þðγ0þγ1þγ2Þ

2, which shows a Lorent-
zian profile. For the ES system, Tr, Tl, and Rr remain the same as the

Fig. 1. Strategy of the proposed exceptional surface (ES)–tailoredmicrolaser system. (A) Schematic diagram of the proposed system, which consists of a microcavity
with an applied gain, a coupled transmission waveguide (TW), and a coupled modulation waveguide (MW) asymmetrically placed relative to the microcavity (configura-
tion i and ii) with κl ≫ κr to realize one-way propagation of the counterclockwise (CCW) traveling-wave mode. A higher intensity and narrower linewidth in the trans-
mission spectrum can be realized at port 1 by degenerate eigenmodes ∣ ± ∣with only the CCW component. (B) Schematic diagram of the control system in which the MW
is positioned symmetrically relative to the microcavity (configuration i and ii) with κl = κr ≤ 1. Only the eigenmode ∣ + ⟩ with both CCW and clockwise (CW) components
exists in the microcavity. The lower peak and wider linewidth shown in the transmission spectrum at both the left and right ports of the TW are caused by more energy
dissipation and thus lower energy utilization under the same pump power compared with the ES system. (C) Electric-field distribution of the eigenmode of the ES-tailored
system obtained by eigenfrequency simulation (with a microcavity radius of 1.5 μm). The red arrows in the microcavity represent the time-averaged power outflow of the
light field in the microcavity, indicating excellent one-way mode propagation. Bottom-right inset: Enlarged view of the microcavity-MW coupling area. Top-right inset:
Simulation result for the mode distribution of the light field in the cross section of the CsPbBr3 waveguide (width: 150 nm; height: 300 nm), which confines the light field
well. (D) Top-view SEM image and tilted SEM image at 52° (inset) of the fabricated CsPbBr3 microcavity-MW-TW coupled system. Scale bar, 1 μm.
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control system. However, the reflection spectrum changes when the
input light comes from the left port of TW,
Rl ¼

4γ2
1κ

2
l

½ðω� ω0Þ
2
þðγ0þγ1þγ2Þ

2
�
2, which shows a squared-Lorent-

zian profile.
However, the TCMT alone is not sufficient to discuss a lasing

system. When the external pumping is above the lasing threshold,
we need to modify the equation (i.e., we consider the saturation
effect and phase-amplitude coupling, etc.) to describe the
dynamic evolution of the lasing amplitude by introducing the
Lamb equation (44, 45)

d
dt
EcwðccwÞ ¼ ð1þ iαÞ½� ðγ0 þ γ1 þ γ2Þ þ gð1 � SjEcwðccwÞ j

2

� CjEccwðcwÞ j
2
Þ�EcwðccwÞ � 2iγ1κrðlÞe

iϕrðlÞEccwðcwÞ ð8Þ

To avoid confusion, here, we used Ecw and Eccw to represent the
electric field of the CW and CCW traveling-lasing-wave modes. We
have Ecw(ccw) = ∣Ecw(ccw)∣e−iωt + iϕcw(ccw), where ω is the lasing frequen-
cy and ϕcw(ccw) is the time-dependent phase factor. g is the gain co-
efficient originating from the external pumping. α accounts for the
phase-amplitude coupling. S andC are self- and cross-saturation co-
efficients, respectively. We can also write down the dynamic equa-
tion of the inversion number N

d
dt
N ¼ v � v0N � v0Nð1 � SjEcw j

2
� CjEccw j

2
ÞjEcw j

2

� v0Nð1 � SjEccw j
2CjEcw j

2
ÞjEccw j

2
ð9Þ

where v is the time averaged pump rate and v0 is the spontaneous
emission (SE) rate. We mainly focus on the steady-state solution of
these nonlinear equations, namely, ddt EcwðccwÞ ¼ 0 and d

dt N ¼ 0. The
output intensity at port 1 and port 2 of the TW, which is propor-
tional to ∣Eccw∣2 and ∣Ecw∣2, can be numerically derived under
steady-state conditions. For the control system, the coupling
between CW and CCW mode is symmetric. By using Sorel’s
method (46), we found that our assumed symmetric solution is
stable in the control system. Here, we have

jEcw j2 ¼jEccw j2

¼
2kðγ0þγ1þγ2ÞþvðSþCÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

½2kðγ0þγ1þγ2ÞþvðSþCÞ�2 � 8½v � v0ðγ0þγ1þγ2Þ�κðSþCÞðγ0þγ1þγ2Þ
q

4kðSþCÞðγ0þγ1þγ2Þ

ð10Þ

For the ES system, we found that the amplitude for CW mode
should be zero to meet the stable condition. Thus, we have

jEcwj2¼ 0; jEccw j2

¼
vSþkðγ0þγ1þγ2Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

½vSþkðγ0þγ1þγ2Þ�2 � 4½v � v0ðγ0þγ1þγ2Þ�κSðγ0þγ1þγ2Þ
q

2Skðγ0þγ1þγ2Þ

ð11Þ

We then analyzed the stability of these solutions also from the
Lamb equation. We considered a perturbation for the electric
field (for example, the SE noise) and the inversion number.
Hence, the total electric field can be written as E = Est + ΔE,
where Est means the steady-state solution for electric field and ΔE
represents the perturbation. Similarly, we have g = gst + Δg. We

Fig. 2. Theoretical characterization of key features of the proposed second-order exceptional surface (ES)–tailoredmicrolaser. (A and B) Real and imaginary parts of
the eigenvalues of the system varying with the reflection-coefficient ratio of the left and right ports of the modulation waveguide (MW) (κl/κr) and the associated parameter
δ (donating the loss or gain of themicrocavity, i.e., γ0, γ1, γ2, and g), showing that the systemworks on a hypersurface of second-order exceptional points (EPs). As long as the
ratio is large enough, the system remains on the ES. (C) Normalized intrinsic laser linewidth at port 1 versus ln(κl/κr). The linewidth has a maximum initial value of when κr =
κl (corresponding to the control system) and converges to 37% when κl ≫ κr in the ES-tailored system. (D) Transmission spectrum as a function of the frequency detuning
when ln(κl/κr) is 0, 0.5, 1, 2, 5, and 10, respectively, which can clearly describe the change of the laser linewidth with the reflection-coefficient ratio. a.u., arbitrary units.
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ignored the second- and higher-order term such as (ΔE)2, (Δg)2,
(ΔEΔg), etc., in the Lamb equation, and we get

d
dtΔEcwðccwÞ ¼ Δgð1 � SjEcwðccwÞ j

2
� CjEccwðcwÞ j

2
Þð1þ iαÞEcwðccwÞ�

2gðSE�cwðccwÞΔEcwðccwÞ þCE�ccwðcwÞΔEccwðcwÞ þ c:c:ÞEcwðccwÞ

ð12Þ

d
dt

ΔN ¼ � vΔN � 2v0Nð1 � SjEcw j
2
� CjEccw j

2
ÞðE�cwΔEcwþ c:c:Þ

� 2v0Nð1 � SjEccw j
2
� CjEcw j

2
ÞðEccwΔEccwþ c:c:Þ�

v0Nð� 2SE�cwΔEcw � 2CE�ccwΔEccwþ c:c:ÞjEcw j
2
�

v0Nð� 2SE�ccwΔEccw � 2CE�cwΔEcwþ c:c:ÞjEccw j
2

ð13Þ

where "c.c." refers to complex conjugates. For simplicity, we write
the above equation as

d
dt

ΔEcw
ΔEccw
ΔE�cw
ΔE�ccw
Δg

2

6
6
6
6
4

3

7
7
7
7
5
¼ A

ΔEcw
ΔEccw
ΔE�cw
ΔE�ccw
Δg

2

6
6
6
6
4

3

7
7
7
7
5

ð14Þ

The stable condition requires the real part of all eigenvalues of A
to be negative, which means that the perturbation decays exponen-
tially with time. It is easy to calculate the solutions in both control
system and the ES case to show that they are stable.

The squared-Lorentzian profile is characteristic of both the EP
(47) and ES system (43, 48). To further study the behavior of the
system below the laser threshold, we calculated the power spectra
of a single quantum emitter (QE) coupled to the microcavity. We
added the excitation term ccw and cccw in the TCMT to represent
the QE emission. It is worth noting that we only considered the in-
trinsic loss (radiation loss of microcavity) and coupling loss; the
imaginary part of the CsPbBr3 perovskite–induced propagation
loss in microcavity will not be considered in this part. Here, we have

i
d
dt

acw
accw

� �

¼ HES
acw
accw

� �

þ
ccw
cccw

� �

ð15Þ

Here, we set ∣ccw∣2 = ∣cccw∣2 = η(ϕ), where η(ϕ) represents the rel-
ative Purcell factor (“relative” means we set η ≡ 1 in the control
system) at azimuth angle ϕ (49) . The steady-state solution in the
frequency domain is as follows

acw ¼
½ω0 � ω � iðγ0 þ γ1 þ γ2Þ�ccw � 2iγ1κre

iϕr cccw
½ω0 � ω � iðγ0 þ γ1 þ γ2Þ�

2
þ 4γ2

1κrκleiðϕrþϕlÞ
; accw

¼
½ω0 � ω � iðγ0 þ γ1 þ γ2Þ�cccw � 2iγ1κle

iϕl ccw
½ω0 � ω � iðγ0 þ γ1 þ γ2Þ�

2
þ 4γ2

1κrκleiðϕrþϕlÞ
ð16Þ

We have γ1 = γ2, and γ0 ≪ γ1 = γ2 in our numerical calculation.
In the control system, the total output power in the frequency
domain is PCS ¼ 2ðγ1 þ γ2Þ

Ð 2π
0 ðjacw j

2
þ jaccw j

2
Þdϕ ¼ 8πγ1

ðω� ω0Þ
2
þ4γ2

1
,

which shows a clearly Lorentzian spectra. As for the ES system,
we have Pcw ¼

Ð 2π
0 jacw j

2dϕ ¼ 4πγ1
ðω� ω0Þ

2
þ4γ2

1
and

Pccw ¼
Ð 2π

0 jaccw j
2dϕ ¼ ½ðω� ω0Þ

2
þ4γ2

1�þ4γ2
1κ

2
l

½ðω� ω0Þ
2
þ4γ2

1�
2 . It is clear to see that Pccw

has part of the squared-Lorentzian profile.
The SE will induce an intrinsic linewidth. In the above analysis

(using the Lamb equation), we ignored the SE and obtained a
steady-state solution, whose linewidth approaches zero, which is
not true in a real lasing system (50). Here, we consider the temporal
evolution for the number of photons for a lasing mode labeled l

d
dt
Nl ¼ v0NNl þ v0N2 � 2ðγ0 þ γ1 þ γ2ÞNl ð17Þ

In the steady state, we have d
dt Nl ¼ 0; thus, the extra loss is

δs ¼ 2ðγ0 þ γ1 þ γ2Þ � v0N ¼
v0N2
Nl

. Here, N2 represents the popu-
lation of the upper lasing level. For the same pump power, the
number N2 for the control system and the ES system is nearly the
same. However, as we show later, because of the higher energy effi-
ciency for the ES system, the photon number of lasing mode for the
ES system is higher than that of the control system, which leads to
the compression of intrinsic linewidth for the ES system. Figure 2C
numerically shows how the normalized linewidth at port 1 varies as
the reflection-coefficient ratio of the left and right ports (κl/κr) in-
creases. We observed how the linewidth changes as κr decreases.
The initial case corresponds to the control system with κr = κl.
With the decreasing of κr, the linewidth rapidly decreases owing
to the improvement of pump energy utilization between the two ei-
genmodes. The linewidth compressed to 37% in the ES-tailored
system when κr ≪ κl compared with the control system.
Figure 2D shows laser spectra when ln(κl/κr) is 0, 0.5, 1, 2, 5, and
10, respectively, which can clearly describe the change of the laser
linewidth with the reflection-coefficient ratio. The ES-tailored uni-
directional power flow in the microcavity could improve the utiliza-
tion rate of pump energy, which includes the reduction of the lasing
threshold and the improvement of the energy-conversion efficiency.

Here, we numerically calculated the photoluminescence (PL) in-
tensity of the ES system below the lasing threshold. We set the PL
intensity for the CW and CCW mode Icw(ccw), and we can write the
dynamic evolution as follows

d
dt
Icw ¼ � 2ðγ0 þ γ1 þ γ2 � gPLÞIcw þ vI0 ð18Þ

d
dt
Iccw ¼ � 2ðγ0 þ γ1 þ γ2 � gPLÞIccw þ 2γ1κlIcw þ vI0 ð19Þ

where I0 is the SE intensity and gPL is the gain rate for PL, which may
not identical with the gain of the laser due to the incoherent prop-
erty of PL. The steady-state solution is Icw ¼ vI0

2ðγ0þγ1þγ2� gPLÞ
and

Iccw ¼ vI0
2ðγ0þγ1þγ2� gPLÞ

þ
2γ1κlvI0

4ðγ0þγ1þγ2� gPLÞ
2. As the external pump

power is increased, the ratio for ðIcwþIccwÞES
ðIcwþIccwÞCS

¼ 1þ 2γ1κl
γ0þγ1þγ2� gPL

. There-
fore, the PL intensity increases in the ES system compared to the
control system. Thus, the lasing threshold may be decreased
because of the increase in stimulated emission, as the stimulated
emission spectrum is the same as the PL spectrum (51). Here, we
point out that the gain rate can be affected by many other factors,
which may also reduce the lasing threshold. For example, we
chose gPL = 0 to calculate the SE, which could also be increased
and, hence, to increase the stimulated emission rate.
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Moreover, the energy-conversion efficiency could also be im-
proved in the ES-tailored system. In the control system, we have
jEcw j

2
¼ jEccw j

2
¼ 1 � γ

v0N

� �
1

SþC, while in the ES case, we have

∣Ecw∣2 = 0, jEccw j
2
¼ 1 � γ

v0N

� �
1
S. We considered the fact that the

gain rate is proportional to the SE rate and inversion number N,
where N is proportional to the pump rate. The slope for the
control system ∂

∂N ðjEcw j
2
þ jEccw j

2
Þ jg¼γ ¼

2γ
vðSþCÞ and that for the

ES system ∂
∂N ðjEcw j

2
þ jEccw j

2
Þ jg¼γ ¼

γ
vS. In the vicinity above the

lasing threshold (g = γ), the slope efficiency for ES system is
ðCþSÞvCS

2SvES
that of the control system. Hence, we found that the slope

is increased in the ES system, resulting in a higher energy efficiency,
which agrees with the experimental observation that the SE rate for
the ES system is almost twice as the control system.

An imperfection such as a scatterer introduced in the fabrication
process would affect the off-diagonal elements and cause intermod-
al coupling, which would lead to the mode splitting. Such a splitting
can be used for sensing enhancement (22, 36, 52). In the Supple-
mentary Materials, we gave a detailed discussion about the effect
of the small perturbation in the off-diagonal term on lasing perfor-
mance. We found that while the imperfection-induced intermodal
coupling would indeed cause the mode splitting, such splitting can
hardly influence our main lasing result.

We experimentally realized the above scheme using prepared
CsPbBr3 single-crystal thin films (SCTFs). The micro/nanostruc-
tures were fabricated on a 300-nm-thick CsPbBr3 SCTF with ultra-
high uniformity and optical gain (38) that behaves as a lossy
material in the absence of external pumping. The microcavity was
vertically pumped by an external femtosecond pulsed laser, induc-
ing optical gain in the microcavity. The MW remained in the lossy
state to realize the asymmetrical reflection. Here, for demonstration,
we adopted the configuration of a side-coupled straight waveguide
below the microcavity. For the control system, a lower waveguide
was placed symmetrically relative to the microcavity. We used the
finite-element method (provided by the COMSOL Multiphysics
commercial software) to conduct simulations of eigenmode distri-
bution of the ES-tailored system in the absence of external pumping.

The top-right inset of Fig. 1C demonstrates the calculated cross-
sectional electric-field distribution in the CsPbBr3 waveguide with a
width of 150 nm and a height of 300 nm, which shows that the de-
signed waveguide confines the light field well. The MW was placed
asymmetrically relative to the microcavity. The length asymmetry at
the left and right sides of the MW relative to the microcavity aimed
to make the reflection coefficient on the left side much larger than
that on the right side, i.e., κl ≫ κr. Figure 1C shows the simulated
electric-field distribution of the eigenmode of the ES-tailored
system, where the diameter of the microcavity is 3 μm. The red
arrows on the field-distribution surface, representing the time-aver-
aged power outflow of the light field in the microcavity, illustrate the
excellent one-way mode propagation. Figure 1D shows a top-view
scanning electron microscopy (SEM) image and a tilted SEM image
at 52° (inset) of the fabricated CsPbBr3 ES-tailored sample. The
schematic diagram of the lasing experiment for this sample is
shown in Fig. 3A.

Second-order ES–tailored microlaser
To verify the lasing characteristics of the CsPbBr3 control sample
(shown in Fig. 3Bi), we obtained a PL image above the pump thresh-
old (shown in Fig. 3Bii). The CsPbBr3 microcavity had a diameter of
3 μm, and the light intensity of the left and right ports of the TW was
essentially identical. Figure 3E shows the measured emission inten-
sity (blue) and full width at half maximum (FWHM) (red) at the left
port as a function of the pumping power excited by a 400-nm fem-
tosecond pulsed laser. The spot diameter of the pumping light was
focused to selectively cover the microcavity using a 100× objective
lens. Moreover, the spatially resolved optical measurement system
supports the selective collection of spectral signals of specific micro-
regions through adjustment of the size and position of adjustable
holes at the signal-collecting end. At the lasing threshold of 5.4
μJ/cm2, the PL spectrum showed a sharply reduced FWHM and a
greatly increased intensity simultaneously. When the pump fluence
was further increased, the narrower linewidth and the superlinear
increase in the intensity indicated the achievement of lasing
action. Figure S13A shows the pump fluence–dependent emission
spectrum for the control system. When the pumping density was
low, there was only a single emission spectrum of a broad PL
peak centered at 525 nm with an FWHM of ~17 nm owing to SE.
When the pump fluence exceeded 5.4 μJ/cm2, a sharp peak centered
at 535 nm emerged with an FWHM of ~1.2 nm at the lower-
energy tail.

Similarly, to study the lasing characteristics of the CsPbBr3 ES-
tailored sample (shown in Fig. 3Ci), we obtained a PL image with
excitation above the pump threshold (shown in Fig. 3Cii). The light-
intensity contrast between the left and right ports of the TW re-
mained stable and reached as high as ~12 dB, indicating that the
microcavity in the ES-tailored system achieved an almost-perfect
unidirectional CCW mode. The pump fluence–dependent emission
spectrum for the system is shown in fig. S13B. When the pump
power was relatively low, a broad SE band centered at 526 nm
with an FWHM of ~16.4 nm was obtained. At the threshold
pump fluence (2.4 μJ/cm2), a sharp peak with a compressed
FWHM emerged. Figure 3F shows the pump fluence–dependent
emission intensity (blue) and FWHM (red). When the pump
fluence reached 2.4 μJ/cm2, a sharp peak centered at 537 nm
emerged with an FWHM of ~0.8 nm at the lower-energy tail.
When comparing the lasing results for the ES-tailored sample
with those for the control sample, the energy-conversion efficiency
(x-intercept of the emission intensity curve) in the ES-tailored
sample was 1.91 times higher than the control sample, and the
pump threshold was reduced to 44%. It can also be seen from
Fig. 3D that the laser linewidth was reduced to 67%. These observa-
tions demonstrate the superiority and feasibility of our ES-tailored
strategy. Here, we can see that the laser spectrum in the ES system
has a red shift of about 2.1 nm compared with the control system.
We note that a larger excitation density corresponds to a decrease in
the refractive index (53). In the ES system, lower lasing threshold
leads to a lower carrier density, which would increase the index.
Thus, the shift phenomenon originates from the lower density of
carriers in the ES system.

The lasing linewidth observed in the experiment is affected by
many factors. Some earlier studies attributed the lasing in
CsPbBr3 to the stimulated emission due to electron-hole coupling
(53), while others attributed the lasing mechanism to excitons (54).
Whatever the real essential mechanism is, the linewidth for CsPbBr3
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lasing also depends on the density of carriers (53). Both of the the-
oretical discussion and the experimental observations above dem-
onstrate that the lasing threshold for the ES system can be
reduced, which will decrease the carrier density and contributes
to the compression of lasing linewidth.

To gain further insight into the performance of the ES-tailored
system, we gradually increase the length of the right side of the MW,
i.e., gradually reduce κr, and observed changes in the contrast of the
light intensity at both end ports of the TW. The corresponding
process in theory is to make the system gradually approached and
then remained in the ES condition. Figure 4A depicts PL images
above the lasing threshold of microlasers with MW lengths
ranging from 0 to 10 μm. In this figure, the gray arrow indicates
the length-change direction of the MW. The area surrounded by
the red (blue) circle represents the light intensity at the left (right)
end port of the TW. The PL images illustrate that when the right
side of the MW gets longer, the intensity contrast between the
two ports of the TW increases. Figure 4B shows how the right
length of MW affects both the intensity contrast of the left and
right ports of the TW and the linewidth of the left port. When
the MW length reaches 6 μm, the contrast tends to saturate at ap-
proximately 12 dB, which indicates that the unidirectional mode in
the microcavity is well realized, and the system reaches a stable ES.

As the right length of MW increases, the linewidth initially rises and
then falls rapidly, which is consistent with theoretical analysis.

Because of the gain saturation effect, the gain for other modes
increases and reaches their threshold to lase as the pump power is
further increased. The laser mode of the microcavity then evolves
from single mode to multimode. The performance of the strategy
does not depend on the specific resonant mode in the microcavity;
i.e., different laser modes satisfy the unidirectional lasing emission
scheme for the proposed ES-tailored system. Figure 4C shows how
the pump power affects the measured laser spectrums of the left
(solid lines) and right (dotted lines) ports of the TW. As the
pump power increases from 7.0 to 12.6 μJ/cm2, the laser mode
changes from single mode to dual mode and then to triple mode.
Each laser mode at the left port 1 has the characteristics of linewidth
compression compared with the laser modes at the right port
2. Moreover, high-contrast one-way emission is realized between
the two ports of the TW with an average contrast of approximately
10.2 dB. It should be noted that, here, we mainly focused on the
scheme itself, and we did not optimize the size of the microcavity
to reach a lower intrinsic loss or experimentally optimize the micro/
nanofabrication process on the perovskite material system. Appar-
ently, this scheme can be used in an optimized laser system to
further improve the lasing performance.

Fig. 3. Lasing experiment on the exceptional surface (ES)–tailored microlaser. (A) Schematic diagram of the experiment for the ES-tailored CsPbBr3 microcavity-
modulation waveguide (MW)-transmission waveguide (TW) coupled system. (B) (i) Top-view SEM image of the control system, with the lower MW placed symmetrically
relative to themicrocavity. Scale bar, 1 μm. (ii) Photoluminescence (PL) image of the control system, with 400-nm femtosecond laser excitation above the pump threshold.
The essentially identical light intensity spots on the left and right ports of the TW are circled with a white dashed circle. (C) (i) Top-view SEM image of the ES-tailored
system. Scale bar, 1 μm. (ii) PL image of the system, with excitation above the pump threshold. The stable and high light-intensity contrast between the left and right ports
of the TW is shown by the white dashed circles, indicating that the microcavity in the ES-based system has reached an almost-perfect unidirectional counterclockwise
(CCW) mode. (D) Comparison of the lasing results for the control system and the ES-tailored system. The laser linewidth is compressed to 67%, and the pump threshold is
reduced to 44%, indicating the superiority and feasibility of our proposed strategy of microlaser. (E) Pump fluence-dependent PL intensity (blue) and full width at half
maximum (FWHM) (red) for the control system, showing a threshold of 5.4 μJ/cm2 and a lasing FWHMof 1.2 nmwhen the pump intensity increased from 2.1 to 7.2 μJ/cm2.
(F) Pump fluence-dependent emission intensity (blue) and FWHM (red) of the ES-tailored system when the pump intensity increased from 0.7 to 6.3 μJ/cm2, demon-
strating a compressed FWHM of approximately 0.8 nm at the threshold pump fluence of 2.4 μJ/cm2. The energy-conversion efficiency (x-intercept of the emission in-
tensity curve) in the ES-tailored sample is 1.91 times higher than the control sample.
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Scalability of the proposed strategy
Non-Hermitian coupled resonator arrays have been realized and
studied with different construction schemes (17, 18, 55). Here, the
proposed ES-tailored microlaser strategy can be easily extended
from second-order to higher-order cases, which is more robust
compared with other schemes (22, 56). Here, we use a common
TW to provide unidirectional couplings among modes of microcav-
ities tailored by second-order ESs. Thus, second-order ESs are
merged into a higher-order ES (Fig. 5A). As an example, we take
the realization of a fourth-order ES. Suppose the system contains
two second-order ES–tailored microcavities modulated by a side-
coupled unclosed ring and a common TW to provide unidirectional
coupling of the two microcavities. The study method is similar to
that of the second-order ES–tailored system. The Hamiltonian of
the fourth-order system obtained from TCMT can be written as

H ¼

ω0 � ω � iα 0 0 0
� 2γ1κle

iϕl ω0 � ω � iα 0 � 2γ2κwe
iϕw

� 2γ2κwe
iϕw 0 ω0 � ω � iα 0

0 0 � 2γ1κle
iϕl ω0 � ω � iα

2

6
6
4

3

7
7
5

ð20Þ
Here,α = γ0 + γ1 + γ2 − g, κw is the propagating-efficiency coef-

ficient, ϕw is the propagation phase in TW between the nearest-
neighbor microcavity, and the other parameters of the system are
consistent with those of the second-order case. The four rows of
the matrix, from top to bottom, represent the CW and CCW
mode of the left microcavity (labeled 1) and the CW and CCW
mode of the right microcavity (labeled 2), respectively. We can
also write down the Lamb equation of this system just as we did
before. The eigenvalues and eigenstates of four-order Hamiltonian
is ω0 − iα and [0 1 0 0]T with fourfold degenerate. The same is true
when realizing higher-order ESs. We also analyzed the PL spectrum
intensity as we did in second-order ES part. Here, we simply set gPL
= v; i.e., the gain rate for PL is proportional to extra pump power
without considering the internal complex mechanism. Under this
assumption, In;tot ¼ vI0

2ðγ0þγ1þγ2� vÞ
þ

nγ1vI0
2ðγ0þγ1þγ2� vÞ

2, which indicates

that the total PL intensity increases linearly with the order of the
ES. Here, we use the same method to analyze the lasing perfor-
mance. The lasing threshold condition is In,tot = Ith; thus, the thresh-
old vth decreases with the increase of n. Similarly, the energy-
conversion efficiency could also be further improved and the line-
width would be compressed with the increase of n. Figure 5B shows
the real and imaginary parts of the eigenvalues as a function of the
reflection-coefficient ratio of the MW (κl/κr) and the associated pa-
rameter δ for systems of different orders of ESs, which illustrates the
process of the gradual degeneration of the eigenvalues (hypersur-
face of EPs for different orders). Figure 5C shows the normalized
intrinsic lasing linewidth and energy-conversion efficiency as a
function of the order of the ES. An even narrower linewidth can
be realized by constructing higher-order ES–tailored systems, and
the improvement of energy-conversion efficiency is proportional
to n.

Our scalable ES-tailored microlaser strategy has many potential
effects and applications. Here, we consider a topological microlaser
based on the Su-Schrieffer-Heeger (SSH) model as an example to
illustrate the contribution of our strategy to the joint research direc-
tion of non-Hermitian photonics and topological photonics. We
consider lining up several microcavities originally tailored by
second-order ESs and setting them to be close to each other and
coupled to their two nearest neighbors. The distance between the
microcavities alternates between being long and short so that the
two coupling coefficients are different. Given the non-Hermitian
modulation of second-order ESs in each microcavity, the Hamilto-
nian for the SSH model can be modified as

Hij¼

ω0 � ω � iα; i¼ j
� 2iγ1κle

iϕl ; i¼ 2n; j¼ 2n � 1
2γn; ði; jÞ¼ ð4mþ1;4m � 1Þ;ði; jÞ¼ ð4mþ1;4mÞ
2γf ; ði; jÞ¼ ð4n;4n � 3Þ;ði; jÞ¼ ð4n � 1;4n � 2Þ

8
>><

>>:

ð21Þ

where i, j = 1,2, …,4N, N is the number of microcavities, n = 1,2, …,
N, m = 1,2, …, N − 1, and γn/γf is the coupling-coefficient ratio for

Fig. 4. Further performance of the exceptional surface (ES)–tailoredmicrolaser. (A) Photoluminescence (PL) images above the lasing threshold of microcavity-mod-
ulation waveguide (MW)-transmission waveguide (TW) coupled systemswith MW lengths ranging from 0 to 10 μm. The gray arrow indicates the direction of change of the
MW. The area surrounded by the red (blue) circle represents the light intensity at the left (right) end of the TW. The contrast between the two sides of the TW increases as
the right side of the MW gets longer. (B) Impact of the right length of MWon the intensity contrast of the left and right ports of the TW (blue) and the linewidth of the left
port of the TW (red). The contrast tends to saturate at approximately 12 dB when the right length of MW reaches 6 μm, indicating that the system reaches a stable ES. As
the right length of MW increases, the linewidth initially rises and then falls rapidly, which is consistent with theoretical analysis. (C) Laser spectrum of the left port 1 (solid
curves) and right port 2 (dotted curves) of the TW as the pump power is increased from 7.0 to 12.6 μJ/cm2. The laser modes change from single mode to dual mode and
then to triple mode. The high-contrast one-way emission with an average contrast of approximately 10.2 dB and the linewidth compression result are applicable to
different laser modes.
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the cases of a nearer/farther distance between the two nearest mi-
crocavities. The calculated eigenvalues and eigenmodes of the
system indicate that the SSH chain with non-Hermitian modulation
is on the fourth-order ES.

As shown in Fig. 5D, we simulated field distributions of eigen-
modes (20 modes) in a system containing 10 microcavities. A con-
figuration of 10 microcavities without non-Hermitian modulation
was used as a control system. The field distributions show that for
the microcavity SSH chain without modulation, the four edge

modes on both sides of the chain behave as standing waves. By con-
trast, for the chain with modulation, the four edge modes eventually
evolve into degenerate CCW traveling-wave modes. Figure 5E
shows that the energy-eigenvalue distributions vary with the
number of eigenmodes. Both SSH chains have four degenerate ei-
genvalues in the bandgap. Simultaneous degeneration of these four
eigenvalues and the corresponding four eigenmodes means that the
chain with non-Hermitian modulation is on the fourth-order ES.
The energy-eigenvalue distribution of the fourth-order ES-tailored

Fig. 5. Scalability of the proposed exceptional surface (ES)–tailored microlaser strategy. (A) Simulation results for the field distributions of higher-order ESs using a
common transmission waveguide (TW) to provide unidirectional couplings among modes of second-order ES-tailored microcavities. (B) Real and imaginary parts of the
eigenvalues of the system varying with the reflection-coefficient ratio of the modulation waveguide (MW) (κl/κr) and the associated parameter δ for systems of different
orders of ESs, which illustrates the process of the gradual degeneration of the eigenvalues [hypersurface of exceptional points (EPs) for different orders]. (C) Lasing
efficiency (blue) and the linewidth (red) at the left port of the TW versus the order of the ES. An even narrower linewidth and higher energy-conversion efficiency
can be realized by constructing higher-order ESs. (D) Simulation results for the field distributions of (i) the microcavity Su-Schrieffer-Heeger (SSH) chain without non-
Hermitian ES modulation (the four edge modes on both sides of the chain behave as standing waves), for comparison, and (ii) the microcavity SSH chain with non-
Hermitian ES modulation [the four edge modes eventually evolve into degenerate counterclockwise (CCW) traveling-wave modes]. (E) Energy-eigenvalue distribution
varyingwith the number of eigenmodes in the system for (i) themicrocavity SSH chain without non-Hermitian ESmodulation, for comparison, and (ii) the fourth-order ES-
tailored microcavity SSH chain. The blue boxed areas in the two distributions show that the non-Hermitian modulation breaks a certain degree of symmetry of the status
of the two surrounding orientation modes in the system, i.e., clockwise (CW) and CCW modes in each microcavity.
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microcavity SSH chain is not as symmetrical as that of the control
system shown in the blue boxed area, because the non-Hermitian
modulation breaks a certain degree of symmetry of the status of
the two surrounding orientation modes in the system, i.e., CW
and CCW modes in each microcavity. When the number of non-
Hermitian–modulated microcavities is odd, there is a second-
order degeneration of both eigenvalues and eigenmodes, as
shown in fig. S11. The energy-conversion efficiency is four times
larger compared with that of the control system. Therefore, a
micro/nanolaser based on a topological laser scheme with modula-
tion of a non-Hermitian ES can be provided with both dual robust-
ness (topological and ES) and excellent performance. This
performance includes linewidth compression and improvement in
energy-conversion efficiency, which further proves the potential ap-
plication of our proposed strategy.

The large-area micro/nanofabrication technology with high lu-
minescence quantum efficiency and good repeatability for this ma-
terial of single-crystal CsPbBr3 thin film is not yet mature, and it is
still a challenge to selectively pump the microcavity while keeping
the modulated waveguide in an unpumped lossy state even with the
utilization of the spatial light modulator because the damage thresh-
old of the spatial light modulator to femtosecond pulsed light and
the stability of the measurement need to be considered comprehen-
sively. Therefore, further developing the micro/nanofabrication
technology for perovskite materials and improving the experimen-
tal test system will enable high-order ES systems and ES-tailored to-
pological microlasers to be well demonstrated in the near future.

DISCUSSION
We proposed a strategy of robust on-chip visible-light microlaser
based on the ES. We then experimentally verified the feasibility of
this strategy using a CsPbBr3 laser system benefiting from physical
design and excellent material properties. The ES-tailored system
compresses the laser linewidth effectively and notably reduces the
pump threshold and improves the energy-conversion efficiency. An
even narrower linewidth with a higher peak intensity and a higher
pump energy utilization efficiency can be easily realized by con-
structing higher-order ESs. Discussion of an ES-tailored topological
microlaser with a unique performance proved the potential impact
and applications of our strategy. This work provides a feasible sol-
ution for the implementation of integrated high-speed visible-light
communication and on-chip ultralow-energy-consumption infor-
mation-processing chips, with the TW replaced with low-loss ma-
terials compatible with CMOS (complementary metal-oxide-
semiconductor) technology. In addition, the work opens research
directions for non-Hermitian photonics with nonlinear optics
and topological photonics.

MATERIALS AND METHODS
Preparation of CsPbBr3 SCTFs and structure
characterization
Chemical vapor deposition methods were used to prepare CsPbBr3
SCTFs in a Thermo Fisher Scientific single-zone tube-furnace
system. Halides and lead salts were purchased from Sigma-
Aldrich and included CsBr (99.999%) and PbBr2 (99.999%). A c-
plane double-sided polished sapphire was purchased from
Nanjing MKNANO Tech. Co. Ltd. CsBr (5 mg) and PbBr2 (7 mg)

were mixed thoroughly before being placed at the center of the
heating zone of the tube furnace. After the substrates were placed
inside the tube furnace, the quartz tube was pumped down and
cleaned with high-purity Ar (99.999%) for 20 min. Then, a 60-
sccm (standard cubic centimeters per minute) flow of high-purity
Ar was introduced into the tube, and the pressure was maintained at
600 torr. The furnace was moved to the reaction area once it reached
the setting temperature of 600°C from room temperature. This tem-
perature was maintained for 10 min, and then, the furnace was
cooled to room temperature naturally. SEM imaging was performed
with a beam voltage of 10 kV using an ultrahigh-resolution cold
field-emission scanning electron microscope (Hitachi-SU8220). Se-
lected-area electron diffraction analysis was conducted using a field-
emission transmission electron microscope (Tecnai G2 F20 U-
TWIN), and x-ray diffraction (Rigaku D/max-TTRIII, Cu Kα radi-
ation) was performed to confirm the phase of the prepared films.

Optical characterization of the CsPbBr3 SCTFs
PL spectra
To obtain the PL spectra, the emission from a 405-nm CW laser was
focused to a spot size of 2 μm through a 100× objective lens. The PL
emission signal was collected by the same microscope objective into
an optical fiber and analyzed by a Princeton Instrument SP2500i
spectrometer equipped with a liquid nitrogen–cooled charge-
coupled device (CCD). The PL image was recorded by a CCD
equipped on an Olympus BX51 microscope. A 442-nm long-pass
filter was used to block the pump laser.
Time-resolved PL measurements
The central wavelength of a Coherent Mira 900 laser (central wave-
length: 800 nm, pulse length: 120 fs, repetition rate: 76 MHz) was
frequency doubled by a barium metaborate (BBO) crystal to
produce a 400-nm pulsed laser as the excitation source. The PL life-
time was obtained by a time-corrected single-photon counter (SPC-
150), which had an ultimate temporal resolution of ~40 ps.
Transient absorption measurements
The 400-nm pump laser was obtained by frequency doubling (800
nm, 100 fs, 1 kHz) with a BBO crystal. The power-dependent tran-
sient absorption (TA) spectra of the perovskite SCTFs were realized
using an Ultrafast System HELIOS TA spectrometer. CsPbBr3
SCTFs grown on sapphire substrates were tested directly.
ASE and optical-gain measurements
The pump source in the amplified spontaneous emission (ASE)
measurement was identical to that used for the lasing test. In the
variable-stripe-length experiments, the laser beam was focused to
form a uniform strip light (width: 200 μm, length: 1 cm) by a cylin-
drical lens. A vernier caliper was used to control the length of the
strip light while keeping the width of the spot unchanged. In the
ASE measurement, the length of the strip light was fixed, while
the pump power was varied; for the gain testing, the reverse condi-
tion was applied.

Fabrication of the microlaser
Devices were fabricated by leveraging the microfabrication technol-
ogy of focused-ion-beam etching. The structures on a chip were
etched in 300-nm-thick CsPbBr3 SCTFs on the sapphire substrate
using an SEM and a focused-ion-beam DualBeam system (FEI
Helios NanoLab 600i). To achieve higher etching precision and
minimize the surface damage caused by the ion beam, a smaller
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ion-beam current was used for etching. Here, the beam current was
7.7 pA, and the beam voltage was 30 kV.

Lasing characterization of the microlaser
An Olympus BX51 optical microscope was used to obtain the lasing
spectra. A 400-nm pulsed laser was used as the excitation source,
which was frequency doubled by a BBO crystal from an amplifier
laser source (Astrella, Coherent, central wavelength: 800 nm, repe-
tition rate: 1 kHz, pulse width: 100 fs). To realize the selective exci-
tation of an area, the spot diameter was focused to exactly cover the
microcavity using a 100× objective lens. The emission signal was
collected by the same objective and analyzed by a Princeton Instru-
ment SP2500i spectrometer equipped with a liquid nitrogen–cooled
CCD (PyLon CCD, Princeton Instruments).

Supplementary Materials
This PDF file includes:
Supplementary Text
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Figs. S1 to S15
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